Abstract The abundance of oil palm decanter cake (OPDC) is a problem in oil palm mills. However, this lignocellulosic biomass can be utilized for cellulase and polyoses production. The effectiveness of chemical and physical pretreatment in reducing the lignin content was studied by saccharification using a Celluclast 1.5 L and scanning electron microscope. Physicochemical pretreatment of OPDC with 1% (w/v) NaOH and autoclaving at 121 o C for 20 min increased potential polyoses produced to 52.5% and removed 28.7% of the lignin content. The optimized conditions for cellulase production by a locally isolated fungus were a time of 120 h, a substrate of untreated OPDC, a spore concentration of 1 × 10 7 spore/mL, a temperature of 30 o C, and a pH between 7.0 and 7.5. Trichoderma asperellum UPM1 produced carboxymethylcellulase (CMCase), β-glucosidase and filter paper activity (FPase) in the following concentrations: 17.35, 0.53, and 0.28 U/mL, respectively. Aspergillus fumigatus UPM2 produced the CMCase, β-glucosidase and FPase in the following amounts: 10.93, 0.76, and 0.24 U/mL. The cellulases from T. asperellum UPM1 produced 2.33 g/L of polyoses and the cellulases from A. fumigatus UPM2 produced 4.37 g/L of polyoses.
Introduction
The Malaysian Economic Planning Unit estimated that 6.96 million hectares of Malaysia is covered by oil palm plantations, and these plantations have contributed RM17.0 billion to the Gross Domestic Product (GDP), of which RM49.6 billion was export revenue [1] . Ironically, the amount of pollutants produced during palm oil extraction is higher than the palm oil produced. Palm oil mill effluent (POME) is the most significant pollutant making up 50% of the waste generated [2] . The conventional method of treating POME is by creating a series of low cost ponds to hold the effluent. However, this requires a large area of land and a long retention time, and releases a huge amount of methane gas into the environment [3] . The use of the decanter system is an effective solution to meet the zero emission target in palm oil mills. According to Chavalparit et al. [4] , the decanter system with oil recovery is the best practice in clean technology and is widely used in Thailand. The usage of the decanter system is essential for waste reduction in mills.
The three phase decanter system separates sludge from oil clarifier into oil, sludge and oil palm decanter cake (OPDC). The sludge which contains a low concentration of pollutant can be easily treated and recycled into the mill for fresh fruit bunch extraction. In practice, the mills neglect and leave the OPDC for natural degradation. According to the waste to wealth through biotechnology concept, OPDC, which is composed of cellulose and hemicellulose can be utilized as the substrate for production of cellulase, polyoses (lignocellulosic biosugar), biofuel and fine chemicals. Currently, researchers use the OPDC in a mixture in biocompost and animal feed [4, 5] .
Basically, hydrolysis of lignocellulosic material into simple sugars is performed via enzymatic, chemical or microbial hydrolysis. The major problem in the hydrolysis process is breaking down the lignin complex and the crystalline structure of cellulose [6] . Lignin is the most recalcitrant component and the higher the proportion of lignin, the higher resistance to chemical and enzymatic degradation. Appropriate pretreatment is needed to break the lignin structure and to prevent the breakdown of cellulose. Cellulase is the key factor in the hydrolysis of pretreated biomass into sugar. The contemporary technique of cellulase production of using purified cellulose as the substrate makes the cellulase costly. Therefore, OPDC may have utility as a alternative low cost substrate for cellulase production. A balanced physical and chemical condition during cellulase production is important to obtain high activities of cellulases from microorganisms. Thus, OPDC is a potential biomass for cellulase and polyoses production needing appropriate pretreatment.
Therefore, this study focused on the feasibility of utilizing OPDC for cellulase and polyoses production. The characteristics of oil palm decanter cake and the effects of various chemical and physical pretreatments in the hydrolysis process were investigated. In addition, the conditions for cellulase production by T. asperellum UPM1 and A. fumigatus UPM2 were optimized in this study.
Materials and Methods

Substrate preparation
Oil palm decanter cake (OPDC) was obtained from a three phase decanter (PANX 50 CS, Alfalaval) at Alaf Palm Oil Mill in Kota Tinggi, Johor, Malaysia. The sample was stored in a cold room at 4 o C prior to use.
Pretreatment study
In the physicochemical (physical and chemical) pretreatment study, 50 g OPDC was mixed in 500 mL of 1% (w/v) sodium hydroxide (NaOH), hydrochoric acid (HCl) and nitric acid (HNO 3 ), then was autoclaved at 121 o C, 15 psi for 20 min [7, 8] . In the pretreatment using different concentrations, 10% of OPDC was soaked in 0.1, 0.5, 1.0, 1.5, and 2.0% (w/v) NaOH. Then, the mixtures were autoclaved at 121 o C and 15 psi for 20 min. All the pretreated OPDC were filtered by cloth filter and washed with distilled water until no trace amounts of alkali or acid could be detected [7, 9] 2.3. Optimization of cellulase production The locally isolated T. asperellum UPM1 (DSM 24606) and A. fumigatus UPM2 (DSM 24607) used for cellulase production were isolated by Abu Bakar et al. [10] . Each fungal culture was grown on potato dextrose agar (PDA) and incubated at 30 o C for 7 days before being harvested with sterile distilled water for subsequent use in inoculum preparation. The basal medium described by Mandel and Weber [11] ). A submerged fermentation system was used for cellulase production with 4% of untreated OPDC used as the substrate and the agitation speed was maintained at 150 rpm. The amount of spores needed for the inoculum was determined by using a haemocytometer and light microscope.
Cellulase production was profiled by using initial pH 5, 1 × 10 6 spore inoculum size per mL and incubated at 30 o C for 168 h. The sample was withdrawn every 24 h for cellulase activity analysis. The effect on cellulase production when using untreated and pretreated OPDC was studied under the following conditions: initial pH of 5, 1 × 10 6 spore inoculum size per mL, temperature of 30 o C and harvesting after 120 h. The effect of spore inoculum size on cellulase production was studied by using 1 × 10 6 , 1 × 10
7
, and 1 × 10 8 of spore suspension per mL. The initial pH of Mendel's medium was set at 5, and the medium was incubated at 30 o C. The effect of temperature on cellulase production was studied with temperatures that ranged from 25 to 60 o C. Spore suspension was 1 × 10 7 spores per mL and initial pH was 5 (Mendel's medium). For the determination of optimal initial pH for cellulase production, the initial pH of Mendel's medium was adjusted from 4.5 to 8.0, with spore suspension at 1 × 10 7 spores per mL and incubation temperature at 30 o C.
Saccharification
Determination of the appropriate pretreatment of OPDC was done by saccharification using 10 FPU (221.73 U/mL carboxymethylcellulase (CMCase), 6 .81 U/mL β-glucosidase and 15.94 U/mL filter paper activity (FPase)) of Celluclast 1.5 L. Saccharification of pretreated OPDC was carried out in a shaking incubator at 50 o C and agitation was carried out at 200 rpm for 36 h. Saccharification of pretreated OPDC by crude cellulase was studied by adding 30% (v/v) of crude cellulase in 5% of wet pretreated OPDC (moisture content of about 75%) over 3 days. Sodium acetate buffer (0.05M) with pH 5.0 was used to maintain the pH. Sodium azide 0.02% (w/v) was added to prevent the growth of microorganisms.
Analytical procedures
The lignocellulose fraction, which consisted of neutral detergent fiber (NDF), acid detergent fiber (ADF) and acid detergent lignin (ADL), was analyzed by using the Goering and Van Soest [12] method. Ash content was determined by the method of Sluiter et al. [13] . The biochemical oxygen demand (BOD), chemical oxygen demand (COD), oil and grease and total solid were measured according to the APHA method [14] . Inductively Coupled Plasma (OES, Perkin Elmer, USA) and CHNS analyzer were used to determine the content of carbon, nitrogen, nutrients and heavy metals. The JEOL JSM-6400 scanning electron microscope (SEM) was used to view the morphological properties of the OPDC. The samples of cellulase produced and saccharification hydrolysate were centrifuged for 10 min at 12,000 rpm. The activities of crude cellulase were analyzed according to Wood and Bhat [15] and Ariffin et al. [16] . One unit activity of β-glucosidase was defined as 1 µL of p-nitrophenol released/mL enzyme/min and one unit activity of CMCase and FPase was defined as 1 µL of reducing sugar released/mL enzyme/min. The supernatant of the saccharification process was used for the determination of total polyoses (reducing sugars) using dinitrosalicylic acid (DNS) according to Miller's [17] method. Glucose and xylose concentrations were determined using highpressure liquid chromatography (HPLC) with a refractive index detector. Glucose and xylose were separated by Rezex RPM-Monosaccharide LC Column and distilled water was used as the mobile phase. The column was operated at 75 o C with a flow rate of 0.6 mL/min.
Results and Discussion
Pretreatment of oil palm decanter cake (OPDC)
Chemical composition
The characteristics of OPDC are summarized in Table 1 . The amounts of cellulose and hemicellulose were 21.61 and 3.94%, respectively. High levels of lignin (30.66%), ash (22.25%) and others (21.54%) made the conversion of OPDC into polyoses difficult. Lignin covers the cellulose and hemicellulose structures of OPDC and reduces the access of cellulases to these structures during the enzymatic hydrolysis process. Pretreatment is important to break the lignin structure and increase the accessible surface area of cellulose for hydrolysis. Oil palm decanter cake is rich in organic matter as indicated by its BOD value of 41 813 mg/kg and COD value of 316 937 mg/L. Organic matter and the nutrients it contains are also essential for the growth of fungus in cellulase production.
Physicochemical pretreatment
As pretreatment is necessary for enzymatic hydrolysis, several pretreatment methods were employed Fig. 1 shows the chemical composition of pretreated OPDC after treatment using sodium hydroxide (NaOH), hydrochoric acid (HCl) and nitric acid (HNO 3 ). The cellulose, hemicellulose, lignin and ash are the components of OPDC that were measured as shown in Fig. 1 . Pretreatment with NaOH, showed the highest increase in the percentage of potential polyoses (cellulose and hemicellulose), up to 52.2% compared to HCl (42%) and HNO 3 (44.9%). The [7] . They found biomass pretreated with NaOH had decreased amounts of lignin because NaOH broke the hydrogen bonds and disrupted the crystalline regions of the lignin-hemicellulose complex. Acid pretreatments using HCl and HNO 3 show lower reduction of lignin and lower increases of potential polyoses because acid pretreatment had lower effectiveness in removing lignin. Acid pretreatments also hydrolyzed the hemicellulose structure [18] .
A study of the saccharification of the pretreated OPDC is essential to show the presence of the remaining cellulose and hemicellulose in the fiber and to demonstrate their conversion into monomers (polyoses). The saccharification profile conducted using 10 FPU of Celluclast for all pretreated OPDCs is presented in Fig. 2 . Results show that the highest concentration of polyoses was obtained after pretreatment with NaOH, followed by HNO 3 , and lastly by autoclaving with HCl, with 5.69 g/L (NaOH), 3.88 g/L (HNO 3 ), and 2.94 g/L (HCl) of polyoses being produced after 24 hours of the saccharification process. In contrast, the untreated OPDC only produced 0.46 g/L polyoses. The high amount of potential polyoses (cellulose and hemicellulose) remaining after physicochemical pretreatment by NaOH (as shown in Fig. 1 ) leads to a higher concentration of actual polyoses being produced compared to other pretreatments. The hydrolysate of pretreated OPDC using HCl contained a lower quantity of polyoses due to the lower percentages of cellulose and hemicellulose in the hydrolysate even after pretreatment. In HCl pretreatment, the chloride ion (Cl -) and hydrogen ion (H + ) break glycosidic bonds and convert hemicellulose into xylose [20] . According to Hendriks and Zeeman [21] , acid pretreatment with HCl and HNO 3 solubilized and precipitated lignin, but hemicellulose was also hydrolyzed into furfural and other volatile products, which inhibited the hydrolysis process.
Polyoses concentration after pretreatment with NaOH was 12-fold higher than with untreated OPDC. This was due to NaOH's ability to reduce the lignin content and its ability to improve cellulase access to cellulose and hemicellulose through the perforations, thereby increasing hydrolysis. This result was in agreement with the pretreatment study conducted by Seong et al. [8] which found that NaOH pretreatment increased polyoses 6-fold compared to untreated oil palm fruit fiber (OPFF). Umikalsom et al. [19] also noted that oil palm empty fruit bunch (OPEFB) pretreated with NaOH and autoclaved resulted in the highest degree of hydrolysis when compared to other chemical pretreatments.
Finding the optimum concentration of NaOH is important for maximizing the removal of lignin and for increasing the percentage of potential polyoses (cellulose and hemicellulose), which will increase the polyoses concentration during the saccharification process. The patterns of polyoses production from OPDC using different NaOH concentrations were studied and the results are shown in Fig. 3 . Basically, polyoses concentration increased with an increase of NaOH concentration. However, when the NaOH concentration increased to 1.5% (w/v) and 2% (w/v), there were lower concentrations of polyoses compared to the 1% (w/v) NaOH pretreatment. This phenomenon was due to the swelling effect of OPDC that increases the ability of NaOH to hydrolyze the cellulose and hemicellulose reaching a maximum value. Zhao et al. [22] Fig. 3 . Polyoses produced as functions of NaOH pretreatments at different concentrations ( : Control, untreated, : 0.1% NaOH, : 0.5% NaOH, X: 1.0% NaOH, : 1.5% NaOH, and : 2.0% NaOH). Bar indicates standard deviation for three replicates.
found that spruce chips pretreated by NaOH did not show significant improvement in hydrolysis after pretreatment using 7 ~ 12% (w/v) concentrations of NaOH and Seong et al. [18] found that 2% (w/v) NaOH was enough to produce the maximum concentration of polyoses from OPFF. The saccharification study shows that pretreatment of OPDC using 1% (w/v) NaOH with autoclave produced the highest polyoses concentration (5.68 g/L).
OPDC structure after pretreatment
Figs. 4A and 4B shows the scanning electron microscope (SEM) micrographs of untreated and pretreated OPDC. The SEM micrograph in Fig. 4A shows that untreated OPDC had an intact structure of lignin with small particles on the fiber. A similarly firmly bound lignin structure was also presented by Baharuddin et al. [23] and Law et al., [24] for oil palm empty fruit bunch. Based on previous lignocellulose analysis (Fig. 1) , physicochemical pretreatment by 1% NaOH reduced the percentage of lignin, and the SEM micrograph proved the removal of lignin and silica body in Fig. 4B . The protective shield of fiber which consisted of lignin and silica bodies was disrupted and collapsed. Perforation of the shield occurred during the physicochemical pretreatment due to the high pressure and temperature. The dislocation and removal of silica bodies and lignin increased the accessibility of cellulase and its ability to attack the cellulose and hemicellulose in the inner part of the fiber as reported by Mun et al. [9] and Baharuddin et al. [23] . In addition, the fiber diameter of the untreated OPDC was about 50 ~ 100 µm. According to Sreekala et al. [25] the diameter of oil palm fiber ranges from 100 to 200 µm. So, the fine fiber in OPDC may have come from the oil palm fiber that passed through the crude oil filter after screw pressing. The silica body's pore diameter was about 5 ~ 10 µm. Cellulase would penetrate through the perforations, and hydrolyze the cellulose and hemicellulose structures into polyoses. This SEM study proved that the microscopic structure of OPDC changed due to the physicochemical pretreatment.
Optimization of cellulase production
Effect of substrate conditions on cellulase production
The optimization of cellulase production parameters is essential to enhance the cellulase activity produced by the locally isolated fungus. Fig. 5 presents the cellulase production using untreated OPDC and pretreated OPDC (autoclaved in 1% (w/v) NaOH for 20 min), with T. asperellum UPM1 and A. fumigatus UPM2 as substrates for 168 h. The untreated OPDC produced higher cellulase activity compared to pretreated OPDC, with T. asperellum UPM1 as substrate after 120 h. For A. fumigatus, UPM2 β-glucosidase activity was higher when using untreated OPDC. However, higher FPase and CMCase were obtained when using pretreated OPDC. According to Hendriks and Zeeman [21] , pretreatment of biomass by alkali at 121 o C released furfural and hydroxymethylfurfural (HMF) from hemicellulose. The pretreatment of OPDC with 1% (w/v) NaOH was quite harsh because the OPDC structure itself is very fine (Fig. 4) and tends to release a high amount of furfural. The presence of furfural caused a significant inhibition of cellulase production [26] . The physicochemical ■ □ pretreatment also changed the nutrient content in OPDC. Spores prefer to grow in untreated OPDC, and produce higher cellulase activities in untreated OPDC. Hence, untreated OPDC was used in the subsequent investigation of cellulase production.
Fermentation time
Different combinations of fungus and substrate affect the optimal incubation periods. Fig. 6 shows that the cellulase component (CMCase, FPase and β-glucosidase) reached maximum activities at 120 h. After 120 h fermentation the activities decreased. Saqib et al. [27] and Soni et al. [28] used 168 h as the cellulase harvesting period when using wheat straw and rice straw as substrate respectively. Immanuel et al. [29] used 120 h of fermentation for cellulase production by A. fumigatus when using coir waste and sawdust as substrates. Thus, 120 h was chosen as the cellulase harvesting time.
Inoculum size
The effects of inoculum size on CMCase, FPase and β-glucosidase activities were investigated and the results shown in Fig. 7 . It shows that 1 × 10 7 of spore suspension per mL was the optimum inoculum size to produce the highest cellulase activities compared to 1 × 10 6 and 1 × 10 8 of spore suspension per mL for both fungi. T. asperelum UPM1 produced 0.79 U/mL β-glucosidase, 10.39 U/mL CMCase and 0.21 U/mL FPase, while A. fumigatus UPM2 produced 0.60 U/mL β-glucosidase, 7.24 U/mL CMCase, and 0.20 U/mL FPase. Increase of spore concentration enhanced the proliferation and productivity of the fungus to utilize the biomass for cellulase production. FPase and β-glucosidase activities decreased after 1 × 10 8 spore suspension per mL was added. This was due to the maximum utilization of nutrients, and competition occuring in the fermentation system. An optimum inoculum size with proliferating fungus and availability of nutrients in balance would increase cellulase activities to an optimum level [30] .
Temperature
The production of cellulase at different temperatures is shown in Fig. 8 
pH
The effects of initial pH of Mendel's medium on cellulase production by T. asperellum UPM1 and A. fumigatus UPM2 were investigated and the results shown in Fig. 9 . The T. asperellum UPM1 produced the highest concentrations of CMCase, β-glucosidase and FPase at pH 7.5, with 17.35 U/mL, 0.53 U/mL, and 0.28 U/mL produced, respectively. The optimum initial pH for A. fumigatus UPM2 was 7.0, under which 10.93 U/mL CMCase, 0.76 U/mL β-glucosidase, and 0.24 U/mL FPase were produced. Neutral pH was the favourable condition for these locally isolated fungi. According to Soni et al. [28] , a pH of 7 was used to optimize cellulase production by A. fumigatus fresenius.
The initial pH in this study was higher than that previously reported by Immanuel et al. [29] and Bara et al. [32] who used pH 4 ~ 5 as the initial pH of the medium. This was due to the characteristics of the isolated fungus and the substrate used which affected the optimum pH of cellulase production. The acidic condition of untreated OPDC might also contribute to the fermentation pH.
Saccharification of pretreated OPDC by crude cellulase
The saccharification of pretreated OPDC by T. asperellum UPM1 and A. fumigatus UPM2 were studied and the results shown in Table 2 . Crude cellulase from the optimized parameter conditions was used in this saccharification study. The crude cellulase activities from T. asperellum UPM1 were 52.05, 1.59, and 0.75 Unit for CMCase, β-glucosidase and FPase, respectively. The crude cellulase activities from A. fumigatus UPM2 were 32.79, 2.28, and 0.72 Unit for CMCase, β-glucosidase and FPase, respectively. The crude cellulases from T. asperellum UPM1 produced 2.13 g/L glucose and 2.33 g/L of total polyoses while A. fumigatus UPM2 produced 3.48 g/L of glucose and 4.37 g/L total polyoses. The A. fumigatus UPM2 produced a higher concentration of polyoses and had a higher hydrolysis percentage than T. asperellum UPM1 due to higher activities of β-glucosidase and FPase. According to Zhang et al. [33] the additional β-glucosidase activity was the key accelerant for cellulose conversion into sugar. Endoglucanases (CMCase) and exo-glucanases (FPase) activities were limited up to 50% concentration of the product (cellobiose). The conversion of cellobiose into glucose was also reduced after cellobiose was saturated at 80% in the system [34] .
Conclusion
This study showed that the appropriate pretreatment of oil palm decanter cake (OPDC) was by physicochemical pretreatment with 1% NaOH in an autoclave for 20 min. Pretreatment of OPDC was essential for the saccharification process but not for cellulase production. The optimized conditions for cellulase production were 120 h, using untreated OPDC as substrate, 1 × 10 7 of spore suspensions per mL, temperature of 30 o C and pH of 7.0 ~ 7.5. Trichoderma asperellum UPM1 produced CMCase, β-glucosidase and FPase activities of 17.35, 0.53, and 0.28 U/mL, respectively. Aspergillus fumigatus UPM2 produced the CMCase, β-glucosidase and FPase activities of 10.93, 0.76, and 0.24 U/mL, respectively. This study showed that A. fumigatus UPM2 produced higher activities of cellulases (β-glucosidase and FPase) compared to T. asperellum UPM1. This situation contributed to the higher polyoses concentration after hydrolysis by A. fumigatus UPM2 compared to T. asperellum UPM1. 
